Fully sealed metal nanoparticle film based field-effect transistor 
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Devices comprising one or a few small conductive islands show a rich spectrum of electrical behav- 
ior attributed to the effect of Coulomb blockade. We demonstrate that in extended, monolayered 
films assembled from individual, monodisperse metal nanoparticles current oscillations can be ob- 
served using a local top gate realizing transistor function. A property analogous to the bandgap of 
semiconductors is attained in this metal-based system by the Coulomb energy gap which is tunable 
via the nanoparticle size. These metal nanoparticle field-effect transistors are easy to prepare and 
stable for months due to a protecting oxide layer. 



Introduction 



Devices founded on new principles, promising new 
functions, higher performance, or reduction of production 
costs should anyhow be reliable, large-scale producible, 
and CMOS compatible jlj. One branch of material syn- 
thesis which can fulfill these requirements is colloidal 
chemistry [2]. The introduction of colloidal chemistry 
to the synthesis of inorganic nanoparticles has caused a 
tremendous development of the field in the recent decades 
[3] . Today, the control over nucleation and growth phases 
allows controlling the crystal size, while the amount and 
nature of ligand molecules and precursors permits control 
over shape, surface properties, and atomic composition 
of the nanoparticles [4|. In some systems it is possible 
to synthesize such structures with almost atomic preci- 
sion and in macroscopic amounts by colloidal chemistry; 
such structures are then called nanoparticles [S] . The 
colloidal synthesis of nanoparticles is comparatively fast, 
inexpensive, and scalable. This enables one to spread 
nanoparticles easily and homogeneously by e.g. spin- 
coating onto flat surfaces such as silicon or silicon ox- 
ide [6]. One method which is able to generate monolay- 
ered highly ordered films over vast areas is the Langmuir- 
Blodgett (LB) method [7J. This delivers an experimental 
access to the percolative transport through such films 
[U[9]. Beside others, our group has extended the method 
for high quality films and investigated the electrical prop- 
erties of such films [7J [TOl [H] . Combined with microcon- 
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tact printing the Langmuir-Blodgett technique has been 
utilized previously to assemble structured monolayers of 
nanoparticles in two-dimensional Au, Pt/Fe203, and Co 
patterns [T^l - TH] . The standard LB technique implies the 
film preparation by deposition of the particles onto wa- 
ter as sub-phase. The problem is that nanoparticles with 
a hydrophobic organic ligand shell which stabilizes them 
in organic solvents often tend to agglomerate on water, 
whereas on standard organic solvents they sink. In a new 
approach our group deposited nanoparticles onto diethy- 
lene glycol as subphase with an intermediate polarizabil- 
ity [7J Uni E] This methodology yields highly ordered 
metal nanoparticle films over unprecedented vast areas 
in the micrometer up to the centimeter range. 

For a long time, scientists have been interested the 
properties of items composed of a few atoms, called quan- 
tum dots (TSHITJ- The electrical transport properties of 
these confined systems have been studied for quite some 
time [18H20] . Such simple devices allow for the verifi- 
cation of theoretical models and a vast number of ex- 
perimental and theoretical results have been published 
dealing with the transport through nanoparticle arrays 
[2TH25] , The tunable character of the superstructures 
makes them interesting model systems for charge trans- 
port studies in confined systems |26) . The transport 
has been described by various theories (TBI l2"TH2"§] . Re- 
searchers have also observed that in such films charging 
effects occur attributed to Coulomb blockade [5DII32) . 

Quantum dots (or nanoparticles) in which the electrons 
are confined in all three dimensions can be considered as 
zero-dimensional. Due to their small size they also pos- 
sess a small electrical capacity. This in turn, leads to 
a relatively high charging energy {Ec = e 2 D /2C) neces- 
sary to tunnel one electron onto this conductive island. 
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At low temperatures and small bias voltages the thermal 
energy of the electrons is not sufficient to overcome the 
charging energy. At higher voltages the energy for elec- 
trical transport through the quantum dot is delivered by 
the applied electrical field. This phenomenon is known 
as Coulomb blockade. We already demonstrated that col- 
loidal nanoparticle films are subjected to Coulomb block- 
ade at low temperature jTOl [TT] . The blockade regime can 
be overcome by higher voltages where electrons start to 
tunnel from nanoparticle to nanoparticle, or by higher 
temperatures where thermally activated hopping over- 
comes the blockade. The introduction of a third electrode 
leads to three-terminal devices which act as single elec- 
tron transistors. For individual nanostructures this was 
demonstrated in the late 80s by Fulton and Dolan [55] ; 
later also for one [34] or a few [35] individual nanoparti- 
cles. A nice overview about the foundations, prospects, 
and applications in the field of single-electron devices can 
be found in the review by Likharev [36] . 

In a regular crystal with atoms as constituents the elec- 
tronic behavior is mainly determined by the energy levels 
of the atoms, the coupling between adjacent sites, and the 
symmetry of the solid. These properties are not free to 
choose but given by nature. In "artificial atoms" like the 
nanoparticles it is possible to control these properties by 
the used material (work function), by the size and shape 
of the nanoparticles, by the coupling determined by the 
organic ligands, and by their assembly. For example, 
a decrease of the distance between adjacent nanoparti- 
cles increases the coupling between them and leads to 
a decrease of the Coulomb charging energy of the indi- 
vidual conductive islands. Eventually, this leads to a 
transition from insulating to metallic behavior (Mott- 
Hubbard transition) [37]. Often the I-V curves of granu- 
lar films can be fitted with the equation of Middleton and 
Wingreen [15] I(V) = A((V - V T )/V T ) C . The threshold 
voltage Vt and the exponent £ depend on the dimension- 
ality of the film. The non-linear increase in conductivity 
above the threshold voltage V > Vr is attributed to the 
opening of conduction paths in the film. For roughly 
two-dimensional films the value for £ has been found ex- 
perimentally to be about 2.25 and for fractal films to be 
around 4.12 [581440] . In theoretical considerations val- 
ues of £ = 1 has been predicted for one-dimensional 
structures such as chains of nanoparticles and a value 
of £ = 5/3 for two-dimensional films [15] , 

Conventional transistors are based on semiconductor 
materials. The electrical conduction through metallic 
multi-tunnel devices is extraordinarily interesting since 
they could serve as conducting layer in new or improved 
inexpensive electronic devices. The Coulomb energy (due 
to charging of the ultra-small capacity of the nanoparti- 
cles) takes over the role of the bandgap in a semicon- 
ductor. Thus, it is desirable to keep the nanoparticles 
individualized (a merging of the particles would render 
the films metallic again). 

So far, it has not been possible to directly demonstrate 
the Coulomb blockade (oscillations) in nanoparticle films 



by application of a third electrode, the gate electrode, 
which defines the electrical potential at the position of 
the conducting channel (and thus the current across it) 
without directly contacting it. The idea is to exploit the 
fact that the conduction electrons on the nanoparticles in 
a monolayer film cannot be screened efficiently and thus 
be influenced by a gate electrode. 

We demonstrate that in monolayered films of well- 
organized metal nanoparticles current oscillations can be 
observed using a local top gate realizing transistor func- 
tion. Instead of the semiconductor band gap, the physical 
basis of the device is the Coulomb energy gap, a property 
which is tunable by the nanoparticle size. We attribute 
the success to the high quality of the nanoparticles, the 
monolayer film, and the atomic layer deposition (ALD) 
oxide that we used as gate dielectric. 



Synthesis and assembly 

We chose a synthesis for cobalt-platinum nanoparti- 
cles under Schlenk conditions which was published by 
Shevchenko et al. [41] and successfully applied in pre- 
vious experiments [7J 1101 111] . It produces monodisperse 
nanoparticles with high chemical stability. We synthe- 
sized nanoparticles in two different sizes and shapes. The 
spherical nanoparticles have a diameter of 7.6 ± 0.5 nm 
and the cubic nanoparticles have 9.3 ± 0.8 nm. The par- 
ticles were analyzed by energy dispersive X-ray analysis 
(EDX) to have a composition of Coo.2oPto.80- 

The nanoparticles were synthesized by simultaneous 
reduction of platinum acetylacetonate (Pt(acac)2) and 
thermal decomposition of cobalt carbonyl (Co 2 (CO) 8 ) 
in the presence of 1-adamantane carboxylic acid (ACA) 
and hexadecylamine (HDA) as stabilizing agents. In a 
standard procedure, 65.6 mg Pt(acac)2 was dissolved 
in 8 g HDA, 0.496 g ACA, 0.26 g 1,2-hexadecanediol 
(HDD) and 4 mL diphenylether at 65 °C. When the solu- 
tion turned clear, the mixture was degassed three times 
and heated to the injection temperature (165 °C for the 
spherical and 155 °C for the cubic nanoparticles). 92 
mg Co2(CO)8 dissolved in 1.6 mL 1,2-dichlorobenzene 
were separately degassed three times at room tempera- 
ture and injected quickly into the mixture under vigorous 
stirring. After stirring for one hour at the injection tem- 
perature, the temperature was increased to 230 °C for 
two additional hours. The obtained particles were pre- 
cipitated with 2-propanol, centrifuged, and re-suspended 
in toluene. 

Figure SI (see Supporting Information) shows a 
zoom series of TEM pictures of monodisperse spherical 
nanoparticles. The cobalt-platinum nanoparticles formed 
highly ordered monolayer films, wherein the particles 
were arranged in hexagonal domains. The quality of the 
nanoparticles has also been checked by XRD. Figure S2 
(see Supporting Information) shows a diffractogram of 
the spherical and the cubic nanoparticles. There are 
almost no differences between the two diffractograms, 
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FIG. 1: Structure of the Coulomb blockade based tran- 
sistor. (A) 3D sketch of the device (Not to scale!); (B) Top 
view; (C) Cross-section sketch; (D) Top view SEM image: 
From left and right the gold electrodes are entering the view 
and defining three parallel devices. In the center the verti- 
cal structure is the top gate electrode on the ALD AI2O3 film 
(perpendicular to the charge flow) which has no contact to the 
nanoparticle film; (E) Closed, tilted view: The top gate elec- 
trode is clearly visible. The contacts are a bit blurred since 
they are located below the ALD film which is semi-transparent 
to the electron-beam; (F) Cross-sectional SEM image at the 
top gate position showing all important components of the de- 
vice. 



showing that the spherical and cubic nanoparticles have 
the same composition. 

Classically, spin- and dip-coating [35] are used to pre- 
pare films of nanoparticles. Those methods are usually 
not suitable for high quality monolayers of nanoparti- 
cles. Thus, we developed an approach to prepare 2D 
structures based on the Langmuir-Blodgett method. We 
modified this technique in order to be able to deposit 
nanoparticle films over vast areas in highest quality. For 
the monolayer preparation the nanoparticles were washed 
two more times, re-suspended in toluene and spread onto 
the diethylene glycol subphase. After the toluene was 
evaporated, the nanoparticles were compressed by the 
barrier with a speed of 2 mm/min to a target pressure 
of 10 mN/m. The monolayer film was held at the target 
pressure for about two hours, allowing the film to relax 
and to rearrange. The high quality of the monolayers 
can be seen in Figure SI (Supporting Information). The 
monolayer film was then deposited onto the surface of a 
Si/Si02- wafer (with 300 nm oxide) which was structured 



with gold electrodes (1000 nm width, 1200 nm inter- 
electrode distance) by e-beam lithography. On top of 
this structure we deposited the nanoparticle film by the 
Langmuir-Blodgett method. Subsequently, we deposited 
different thicknesses (55 nm, 77 nm, and 150 nm) of alu- 
minum oxide layer by atomic layer deposition (ALD); 
and on top of the aluminum oxide we performed an ad- 
ditional e-beam lithography step in order to define a top 
gate electrode precisely between the lateral contacts. The 
whole ensemble works as three-terminal device, a field- 
effect transistor. The top gate, in contrast to a bottom 
gate, allows for a more precise electrostatic control of the 
nanoparticle film. The device concept is shown in Fig- 
ure 1A-C. The real device was imaged by scanning elec- 
tron microscopy and is displayed in Figure 1D-E. The 
lateral electrodes in Figure IE are somewhat fuzzy since 
they are underneath the aluminum oxide layer, which is 
semi-transparent to the electron-beam. In Figure IF a 
cross-section is displayed. It nicely shows the assembly 
of silicon oxide on highly-doped silicon, then the impor- 
tant monolayer of metal nanoparticles, the ALD film and 
finally the top electrode. 

Atomic layer deposition (ALD) is a technique for the 
deposition of thin solid layers from the gas phase char- 
acterized by low processing temperatures and conformal 
coatings of structured substrates [44, 45J. Amongst oth- 
ers, metal oxide depositions using ALD have been very 
well studied. Here, two precursor gases are used in alter- 
nating manner, an organometallic metal-containing com- 
plex and a reagent that provides oxygen - in the case of 
aluminum oxide, trimcthylaluminum (TMA) and water 
are typically used. First, the metal alkyl reacts with the 
hydroxyl-terminated surface. In the second step, water 
hydrolyses the adsorbed metal alkyls to regenerate a new 
layer of hydroxide groups for the next TMA pulse. Since 
each step is a self-limiting surface reaction, the whole 
procedure can be carried out in an excess of the precur- 
sors gases and the growth rate is independent of exact 
precursor amounts. 

The AI2O3 films were created by atomic layer deposi- 
tion (ALD) from trimcthylaluminum (TMA) and water 
in a self-made ALD reactor using nitrogen as carrier gas. 
TMA was kept at room temperature, water at 40 °C, 
and the samples were heated to 100 °C. Each ALD cycle 
consisted of the following sequence: TMA pulse (0.1 s), 
exposure (20 s), purge (40 s), then water pulse (0.5 s), 
exposure (20 s), and purge (40 s). In these conditions, 
546 ALD cycles correspond to approximately 77 nm of 
AI2O3, respectively. The thickness of the ALD layers was 
measured with a variable-angle spectroscopic ellipsome- 
ter by Dr. Riss Ellipsometerbau GmbH. 



Electrical characterization 

In order to characterize the properties of the con- 
structed devices several electrical measurements have 
been performed. First, the devices have been evalu- 
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ated by 2-point measurements. The conductance curves 
dlu/dV^s vs. Vds m Figure 2 show clearly that for 
spherical nanoparticles and temperatures below 10 K the 
film is in Coulomb blockade at biases below about 1.5 
V (the corresponding IDS-VD curves are shown in Fig- 
ure S3 in the Supporting Information). At higher tem- 
peratures the Coulomb blockade bias is reduced and at 
temperatures over 20 K it is completely lifted. Using the 
larger cubic nanoparticles the Coulomb blockade bias lies 
roughly at 0.5 V at 4.3 K. This is due to the lower acti- 
vation energy for tunneling across the gaps between the 
cubic nanoparticles, in accordance with our earlier pub- 
lication [TT] . 



the charging energy only depends on the particles' self- 
capacitance (C S oif) and is almost independent of the inter- 
particle distance [TT] Thus, the charging energy is inde- 
pendent of the geometric capacitance, as well. This was 
demonstrated by calculations using the finite-element 
method. The geometrical capacitance starts to be pre- 
dominant over the self-capacitance when the particles' di- 
ameter exceeds one micrometer. Therefore, the charging 
energy of smaller particles only depends on the dielectric 
constant (e r ) of the interparticle medium and on the par- 
ticles' radius. The dielectric constant of the interparticle 
medium was calculated by using the activation energy: 
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FIG. 2: 2-point measurements. In (A) the conductivity 
din /AVds of a film using spherical nanoparticles is shown. 
At low temperatures the films is in Coulomb blockade which 
can better be seen in (B) which shows the same data on a log- 
scale. (C) shows the data for a film using cubic nanoparticles. 
(D) shows the data on a log-scale. Signs of Coulomb blockade 
are difficult to recognize. Both films are covered with 77 nm 
AI2O3. 

The corresponding current-voltage curves can be fitted 
with the threshold voltage model from Middleton et al. 
[T5] , We fit the current-voltage curves of spherical and 
cubic nanoparticles measured at 4.3 K and determine the 
C values and the threshold voltages (see Figure S4 in the 
Supporting Information) . For the spherical nanoparticles 
we obtain a C value of about 3.0 and a threshold voltage 
of 1.6 V. The cubic nanoparticles show a threshold volt- 
age at 0.6 V and we obtain a C value of 2.6. The different 
£ values of the two different particle shapes are probably 
caused by the different packing of the film. The devia- 
tion in the threshold voltages is caused by the different 
Coulomb energies of the nanoparticles [TT] . The ( values 
are much higher than theory predicts [15] but in agree- 
ment with the experimental values from other groups [4"BT 
[48] . For metallic 2D nanoparticle arrays £ values of 2 to 
2.5 were determined, depending on the size distribution 
of the nanoparticles. For multilayer nanoparticle films 
£ values of about 2.6 to 3 were determined [2TJ I46H48] . 
Gold nanoparticle arrays with strong topological inho- 
mogeneities show ( values of about 4 jTS] . 

Calculations and experimental results suggest that 



The activation energy is deducted from the slope of a 
corresponding Arrhenius plot. For spherical nanoparticle 
of 7.6 nm in diameter an activation energy of 20 meV 
and a dielectric constant of 9.5 was calculated. The self- 
capacitance of the spherical particle is thus 4.0 aF. These 
values are on the same order of magnitude as the values 
of earlier publications [TT] |T7] . 

Further, we measured the lateral current Id through 
the nanoparticle films with a layer of 77 nm AI2O3 as 
a function of the top gate electrode V tg from -4 V to 
4 V (or from V to 8 V) while stepping the bias VD 
from -3 V to 3 V in 0.5 V steps. Figure 3 shows on the 
left side (A, C, E) the relative change of the current and 
on the right side (B, D, F) the absolute change. The 
relative change of the current is defined by Id rel. = 
Id/I_d,o using the last values of the current in the mea- 
sured range 1d,o- The absolute change of current is de- 
fined by Id abs. = Id _ Id,o- Those current variations are 
defined in order to increase the visibility of the effects. 
In the relative current plots the changes are more clearly 
seen for small biases, and in the absolute current plots 
the changes for larger biases are more obvious. At 4.3 
K, the film using spherical nanoparticles shows Coulomb 
oscillations at a bias of 2.0 V and above. With cubic 
nanoparticles the Coulomb oscillation are already visible 
at a bias of 1.0 V. These values are in agreement with the 
values of the threshold voltage and the Coulomb block- 
ade values from the current-voltage curves. The peaks 
of the Coulomb oscillations are non-periodic, in accor- 
dance with the sequential tunneling of the charge through 
multiple particles and pathways [Si),. In relative terms, 
the Coulomb oscillations can be seen most clearly just 
above the threshold voltage, because under these con- 
ditions the electrical field is sufficient to overcome the 
Coulomb blockade through the whole film for the first 
time and the charge transport most probably takes place 
along a single path or a small number of branches. If 
the voltage is increased, then the current flows through 
multiple pathways, which branch out and reconnect |15j . 
and the Coulomb oscillations become weaker. In absolute 
value, the oscillations are more pronounced for higher bi- 
ases due to an overall higher current. The raw data for 
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FIG. 3: 3-point measurements as a function of bias. 

Lateral current Id as a function of the applied top-gate volt- 
age Vt g - For spherical nanoparticles (smaller size, larger 
Coulomb charging energy) the oscillations start at a bias of 
about 2.0 V at 4-3 K (A). For the cubic nanoparticles Coulomb 
oscillations are already visible at a bias of 1.0 V (C, E). On 
the left side the relative changes Id/Id,o are shown (A, C, E) 
and on the right side the absolute changed Id-Id.o (B, D, F). 
For clarity the curves are shifted on the y-scale. In the latter 
the changes are clear to see not because the relative change is 
larger but the absolute value of the current is larger at larger 
biases. The relative current change is larger for smaller value 
of the bias voltage Vds ■ All measured films are covered with 
77 nm AhOz. For better visibility the curves are stacked. 
Thus, we do not show scales here but in Figure 5. 



the source, drain, and top gate current are exemplarily 
shown for a bias of -3 V in Figure S5 in the Supporting 
Information. 

In order to better understand the electrostatic prop- 
erties of the devices we performed simulations using the 
finite element method. Figure 4 shows in (A) the distri- 
bution of the electric potential at 1.0 V bias and 0.5 V 
top gate voltage and in (B) the potential along the con- 
ductive path is shown for different top gate voltages. It 
turns out that the local electrical potential and the elec- 
trical field can nicely be tuned by a local top gate. We 
attribute the oscillations in the Ir>-Vt 9 curves to a change 
in the local electrical potential. With the change of the 
electrical potential, the gate voltage where the oscilla- 
tions are their minimum or maximum is changed, too. 

The features in the curves shift to more positive gate 
voltages with increasing positive bias and to more neg- 
ative gate voltages with increasing negative bias, which 
is in accordance with the picture of sequential tunnelling 
through multiple particles. At the half value of the bias 
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FIG. 4: Finite element method simulations of the elec- 
trical potential of the metal nanoparticle transistor. 

(A) Cross-section through the device at 1.0 V drain voltage 
and 0.5 V gate voltage. Red corresponds to a potential of 0.0 
V and pink to 1.0 V. (B) Potential along the path of con- 
duction from, the left to the right electrode. The left electrode 
(source) is at 0.0 V and the right one (dram) at 1.0 V. The 
top gate voltage is tuned stepwise from 0.0 V to 1.0 V. The 
backgate (Si++) is left floating. In the spherical particles the 
potential is constant leading to stepped functions. 

the curves always show a local minimum Y t g = V^s/2. 
This is because the at this top gate voltage the maximum 
occurring electrical field strength has a minimum. 

For the temperature measurements we also swept the 
top gate electrode voltage V tg from -4 V to 4 V (or from 
V to 8 V). Exemplarily, we show the curves at a bias 
of 3 V. With increasing measurement temperature the 
Coulomb oscillation become weaker as shown in Figure 
5. At 50 K the oscillations vanish altogether. At ele- 
vated temperature, conductance through the nanoparti- 
cle films is no longer determined by the Coulomb block- 
ade. In absolute terms, the oscillations become more 
pronounced with increasing temperature due to a higher 
current level, but also vanish at 50 K. The maximum tem- 
perature where Coulomb oscillations can be observed is 
20 K. This is in accordance with the values from the Id- 
Vds curves. Above 20 K the Coulomb oscillations are 
completely lifted. Figure 5A shows also that the mod- 
ulation of the lateral current by the top gate is on the 
order of ±5 %. 

We also characterized samples with three different 
AI2O3 layer thicknesses of 55 nm, 77 nm, and 150 nm. 
The AI2O3 layer should be as thin as possible to ensure 
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the strongest effect of the top gate, but be thick enough 
to prevent leakage current in the top gate. The minimum 
and maximum layer thicknesses must be determined ex- 
perimentally. For the measurement again we sweep the 
top gate voltage from -4 V to 4 V and set the bias from ±1 
V to ±3 V. Excmplarily, we show the curves at -2 V be- 
cause the curves at this voltage are least noisy. With in- 
creasing layer thickness the Coulomb oscillations become 
weaker and the oscillation frequencies decrease. It can be 
seen most clearly in the absolute change plots as shown 
in Figure 6. With 55 nm and 77 nm AI2O3, Coulomb 
oscillations are clearly visible in the current plots. The 
Coulomb oscillations of the film with 150 nm AI2O3 be- 
comes noisy in the relative plot and is not observable at 
all in at the absolute plot. The thinner the oxide layer 
is, the more pronounced are the features in the plots, 
but with decreasing oxide layer the gate leakage current 
increased. The variation of the oxide layer thickness pro- 
vides an ideal AI2O3 thickness of 77 nm. At this thick- 
ness the oscillations are clearly visible and the leakage 
current is within the noise level of the setup of 10~ 14 A. 
With 55 nm AI2O3, the oscillations are more precisely 
defined and the oscillation frequencies are higher, since 
the gate electrode is closer to the film, so that the local 
potential at the particles is influenced more directly, but 
with the smaller distance from the gate electrode to the 
film a small leakage current is partially measurable. For 
larger oxide layers the leakage currents are smaller than 
the noise level. With 150 nm AI2O3 the distance to the 
film is too large, so that the effect of the gate is barely 
measurable. 




FIG. 5: 3-point measurements as a function of temper- 
ature. Lateral current Id as a function of temperature at a 
bias of 3.0 V with spherical (A, B) and cubic (C, D) nanopar- 
ticle films (both covered with 77 nm AI2O3). (A, C) relative 
change Id/Id,o; (B, D) absolute change Id-Id,o- The rela- 
tive changes become weaker with increasing temperature and 
vanish at 50 K. This is more pronounced for the smaller par- 
ticles. The absolute changes become more pronounced with 
increasing temperature. This is due to an overall increase of 
the current with temperature. 

The effect of top gate distance could also be observed 
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FIG. 6: 3-point measurements as a function of gate ox- 
ide thickness. Lateral current Id as a function of the AI2O3 
layer thickness at a bias of -2 V with spherical (A, B) and 
(C, D) cubic nanoparticles. With 55 nm and 77 nm of AI2O3 
the oscillation is clearly visible. With 150 nm of AI2O3 the 
oscillation becomes noisy in the relative change and is not to 
see in the absolute change. 

in finite element simulations. They show that the high- 
est field along the path through the nanoparticles under 
the top gate decreases sharply with increasing distance 
(Figure S6). 

Conclusion 

To conclude, the electrical measurements conducted 
in this work showed, for the first time, that a Coulomb 
blockade based transistor using a two-dimensional col- 
loidal metallic nanoparticle film is possible. For that, we 
used well-separated, well-organized nanoparticles in or- 
der to maintain the Coulomb blockade features of individ- 
ual nanoparticles. Anyhow, the fixed distance of about 1 
nm allows for an overlap of the wave function to enable 
tunneling. Thus, Coulomb oscillations were observed in 
the current vs. top gate voltage plots. With increasing 
measurement temperature, the oscillations weaken and 
disappear at above 20 K. It was also found that with 
increasing distance between the top gate electrode and 
the nanoparticle film, the effect of the top gate electrode 
decreased. A change of bias led to a shift of the oscil- 
lation peaks. This was attributed to a change of the 
local electric potential. The low temperature current- 
voltage curves were fitted with the equation of Middle- 
ton and Wingreen |15j . The adjustments provided for 
spherical and cubic particles £ values of 3.0 and 2.6 and 
threshold voltages of 1.6 V and 0.6 V in good agreement 
with the values of similar metallic films from other groups 
[2"T1 14"61 14"5] . The prepared nanoparticle film devices us- 
ing different batches of synthesized nanoparticles, with 
different particle shapes and sizes behave very reliably 
and according to theory. They are stable over time due 
to the protective oxide layer which is the top gate dielec- 
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trie. The processing of the metal nanoparticle transistor cations exhibiting new functionality. For the future, it 
is simple, inexpensive, and CMOS compatible, whereat should be possible to increase the temperature of opera- 
the particular transfer characteristics can lead to appli- tion by the use of smaller nanoparticles. 
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FIG. S 1: TEM zoom series of a Langmuir-Blodgett film using spherical nanoparticles. In the lower right corner a film using 
larger, cubic nanoparticles is shown. 
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FIG. S 2: XRD of spherical and cubic nanoparticles with reference reflexes of cubic CoPts. 
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FIG. S 3: 2-point measurements: Lateral current Id as a function of the bias Vds o,nd temperature using (A) spherical and 
(B) cubic nanoparticles. Both nanoparticle films are covered with a 77 nm AhOz layer. The back gate voltage is set to V. 
The top gate is floating. 
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FIG. S 4: Id-Vds curves of spherical and cubic nanoparticles at 4-3 K with the Middleton-fit. 
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FIG. S 5: Exemplarily the lateral current Id as a function of the applied top-gate voltage Vt g is shown for cubic nanoparticles 
at a bias of -3 V. The absolute value of the source current and the drain current perfectly overlap. The "leakage current" to the 
top gate is much lower that the signal currents. There is no sign of the signal in the top gate current, and the gate current is 
in the noise. 




FIG. S 6: Highest field along the path through the nanoparticles under the top gate as function of top gate distance to the SiC>2 
substrate. 



